A rterial stiffness or decreased arterial distensibility has been implicated as a predictor of cardiovascular diseases.
A rterial stiffness or decreased arterial distensibility has been implicated as a predictor of cardiovascular diseases. 1, 2 Cardiometabolic risk factors, such as high LDL-C (low-density lipoprotein cholesterol), elevated blood pressure (BP), and obesity, have been associated with arterial stiffness in adults. 3 We have shown that exposure to cardiometabolic risk markers in childhood is associated with decreased carotid artery distensibility (cdist) in adulthood. 4 Already at early age, obese children and those with familial hypercholesterolemia have stiffer arteries compared with lean, healthy peers in a cross-sectional setting. 5, 6 We have previously reported in the longitudinal STRIP (Special Turku Coronary Risk Factor Intervention Project) studying healthy children that cdist and aortic distensibility (adist) decrease from childhood to early adulthood and that boys have markedly stiffer arteries than girls. 7 The STRIP dietary intervention focused on quality of fat was not associated with arterial distensibility at this early age. 7 We have also shown that childhood exposure to tobacco smoke is associated with decreased adist at age of 11 years 8 while higher cardiorespiratory fitness and ideal cardiovascular health score associate with increased arterial distensibility in adolescence. 9, 10 However, to date, in healthy children, a comprehensive, longitudinal assessment of cardiometabolic determinants of arterial distensibility from childhood to adulthood is still lacking.
Therefore, we studied in the prospective STRIP cohort the association of several cardiometabolic risk markers and dietary variables with distensibility of the 2 key arteries, aorta and carotid artery, to answer which risk markers play a role in arterial stiffening early in life. In the cohort, cdist and adist were measured repeatedly at the ages of 11, 13, 15, 17 , and 19 years (n cdist =420-503, n adist =407-476), along with cardiometabolic and dietary risk markers.
Methods

Design and Subjects
STRIP is a prospective, randomized intervention trial begun in childhood with the aim to prevent development of cardiometabolic risk factors primarily through a heart-healthy diet. 11, 12 Briefly, families of 5-month-old infants were recruited to the study at well-baby clinics in Turku, Finland, between 1990 and 1992. At age 7 months, 1062 infants were randomized to an intervention group (n=540) or to a control group (n=522). The intervention group has repeatedly received individualized dietary and lifestyle counseling with the main aim to replace saturated fat with unsaturated fat in the diet. The present study cohort comprised those children for whom vascular ultrasound data (distensibility) were available between ages 11 and 19 years (Table  S1 in the online-only Data Supplement).
The STRIP study is conducted according to the guidelines of the Declaration of Helsinki, and the study protocol is approved by the local ethics committee. Written informed consent was obtained from the parents in the beginning of the study and from the children at ages 15 and 18 years.
Distensibility of the Common Carotid Artery and Abdominal Aorta
Cdist and adist were studied with ultrasonography (Acuson Sequoia 512 mainframe; Acuson, Mountain View, CA). The measurements were performed at ages 11 (n cdist =420, n adist =407), 13 (n cdist =483, n adist =476), 15 (n cdist =503, n adist =475), 17 (n cdist =468, n adist =456), and 19 (n cdist =427, n adist =422) years (74%/71%, 88%/86%, 95%/90%, 96%/93%, and 95%/94%, respectively, of all participants). Cdist and adist were assessed using M-mode ultrasound images and concomitant measurement of BP in brachial artery. Diameter of the carotid artery and aorta was measured with ultrasonic calipers twice at end diastole and twice at end systole. The mean of the end-diastolic and end-systolic diameters, along with BP, was used to calculate the arterial distensibility. Distensibility was defined as [(Ds−Dd)/Dd]/ (SystBP−DiastBP)×1000, where Ds indicates the end-systolic diameter and Dd the end-diastolic diameter of the artery. SystBP stands for systolic BP and DiastBP for diastolic BP. Distensibility was expressed as %/10 mm Hg. Strain was calculated as (Ds−Dd)/Dd. Distensibility measures the ability of arteries to expand as a response to pulse pressure caused by cardiac contraction and relaxation. 13 To assess reproducibility of the ultrasound measurements, we have examined 57 individuals (young adults) at 2 time points 3 months apart. The between-visit coefficient of variation was 2.7% for carotid artery diastolic diameter, 16.3% for cdist. 4 
Physical Examination
Physical examination begun at age 7 months comprised measurement of height, weight, and systolic and diastolic BPs. Height was measured to the nearest 0.1 cm using Harpenden stadiometer (Holtain, Crymych, UK). Until age 21 months, recumbent length was measured with baby board (Bekvil, Paljerakenne, Helsinki, Finland). Weight was measured to the nearest 0.1 kg using an electronic scale (SoehnleS10; Soehnle, Murrhardt, Germany). An infant scale (Seca 725; Hamburg,Germany) was used until age 15 months. Body mass index (BMI) was calculated as kilograms per meter squared (kg/m 2 ). Data on birth weight of the child were collected from the records of the well-baby clinics. Seated BP was measured after an appropriate rest of ≥15 minutes on the right arm using age appropriate cuff size. 14 The BP was measured once until 7 years of age and thereafter at least twice using an oscillometric noninvasive BP monitor (Criticon Dinamap 1846 SX until 2001, thereafter Criticon Dinamap Compact T).
14 Pulse pressure was calculated as systolic BP minus diastolic BP and mean arterial pressure as diastolic BP plus pulse pressure/3. Waist circumference was measured midway between iliac crest and lowest rib at the midaxillary line with a flexible measuring tape since age of 7 years. Pubertal status was classified using Tanner staging (M1-M5/girls, G1-G5/boys) since age of 9 years; M1/G1 were considered pre-pubertal and other stages pubertal.
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Laboratory Methods
A venous blood sample was drawn at 7 months, 13 months, and 2 years of age and annually thereafter (excluding ages 6 and 8 years). 12 From age 5 years onward, fasting blood samples were obtained. After clotting at room temperature and low-speed centrifugation (3400g; 12 minutes), serum was separated and stored at −25°C for up to a few weeks.
Serum cholesterol concentration was measured with a fully enzymatic cholesterol oxidase p-aminophenazone method (Merck, Darmstadt, Germany) using an AU510 automatic analyzer (Olympus, Hamburg, Germany) or after January 2001, an AU400 analyzer. Serum high-density lipoprotein cholesterol concentration was measured after precipitation of the apoB (apolipoprotein B) containing lipoprotein particles by dextran sulfate 500000. The interassay (intra-assay) coefficients of variation for total cholesterol and high-density lipoprotein cholesterol were 2.0% (1.5%) and 1.9% (1.2%), respectively. Serum triglyceride concentration was analyzed with colorimetric glycerol-3-phospate oxidase p-aminophenazone method (Merck) using an automatic Olympus AU510 analyzer or after January 2001, an AU400 analyzer. LDL-C was estimated from the Friedewald formula in participants with triglyceride levels <4.52 mmol/L. Apolipoprotein A1 and apoB concentrations were determined immunoturbidimetrically with apolipoprotein A1 and apoB kits (Orion Diagnostica, Helsinki, Finland). The interassay (intra-assay) coefficients of variation of the apolipoprotein A1 and apoB determinations were 3.0% (1.8%) and 4.5% (3.3%), respectively.
Serum insulin and glucose concentrations were determined for the entire cohort beginning of age 15 years. For the insulin analyses, the blood samples were centrifuged immediately, and 15 µL enzyme inhibitor antagosan or 30 µL trasylol (since 2008) was added to the 0.5-mL serum sample. The samples were stored frozen until analyzed. Serum insulin was measured with a microparticle enzyme immunoassay (Insulin IMX system reagent, Abbott, Chicago, IL; interassay coefficient of variation, 6.5%) or with a chemiluminescent microparticle immunoassay (ARCHITECT insulin assay, Abbott; interassay coefficient of variation, 1.8%). To correct for differences in analytic level between the methods, a correlation equation obtained by standardized principal component analysis of results of samples analyzed with both methods was used. Serum glucose was measured by a hexokinase method (Glucose Olympus System Reagent, Olympus, Ireland; interassay coefficient of variation, 1.8%). To estimate insulin sensitivity, homeostasis model of insulin resistance (HOMA-IR; [fasting insulin×fasting glucose]/22.5) was calculated.
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Dietary Intake, Physical Activity, and Family Socioeconomic Status
Food consumption was recorded using a 4-day food record (consecutive days; at least 1 weekend day included). A dietitian checked the food records for accuracy, and the food and nutrient intakes were analyzed with Micro Nutrica program (24) based on the Food and Nutrient Database of the Social Insurance Institution, Finland. The program calculates 66 nutrients in commonly used foods and dishes in Finland. The data bank is continuously updated with new foods and recipes. Here, we used dietary data on saturated fatty acids, polyunsaturated fatty acids, the polyunsaturated fatty acids+monounsaturated fatty acids-to-saturated fatty acids ratio, and sodium and fiber, which closely link to the dietary intervention targets. 10 Leisure time physical activity was assessed with a self-administered questionnaire at the ages of 11 to 19 years. Leisure time physical activity was calculated as metabolic equivalent h/wk by multiplying the mean frequency, duration, and intensity of the physical activity as described.
Family socioeconomic status was defined as highest educational level obtained by participants' parents when the participants were 9 years old, ranging from 1 to 4: 1 indicating the lowest educational level and 4 the highest educational level.
Statistical Methods
Descriptive data are presented as mean±SD or median (interquartile range). Cdist and adist, as well as triglycerides, serum insulin, and HOMA-IR, values were log-transformed for the analyses. The association of cardiometabolic risk markers with cdist and adist between 11 and 19 years of age was studied with a linear mixed-effects model for repeated measures using compound symmetry covariance structure. All models included age and sex as covariates. Because insulin and glucose were first measured at the age of 15 years, the first main model included ages 15, 17, and 19 years.
The arterial distensibilities and risk markers were standardized (z scored) by age and sex for the analyses shown in Figure 1 . When significant associations between the risk markers and arterial distensibility were found, sex×risk marker interactions were studied to investigate whether the associations were similar in boys and girls. In the case of significant sex interactions, sex-stratified analyses were conducted (Table S2 ). Risk markers that showed association with either cdist or adist were included in the multivariate model (Table 1) . BMI was standardized (z scored) for multivariable analyses. In additional multivariable models, BMI was replaced with weight and height (respectively), and systolic BP with mean arterial pressure and diastolic BP (respectively), and birth weight or STRIP study group was added to the models. Also, association of the cardiometabolic risk markers with arterial strain was studied in a multivariable model.
To categorize participants to those with (1) low distensibility and (2) normal distensibility (respectively for the carotid and aortic artery), we first selected participants with at least 3 of the maximum 5 measurements of arterial distensibility (n cdist =442, n adist =433). Second, their cdist and adist values, respectively, were standardized (z scored) by age and sex, and the mean of the standardized values was calculated. The lowest 20th percentile of the mean values was then used to define participants with low distensibility (group 1). Rest of the participants with distensibility >20th percentile were determined as having normal distensibility (group 2). From the participants with normal distensibility, we further categorized those with high distensibility using 80th percentile as the cut-off point (group 3).
The analyses were not corrected for multiple statistical testing because based on the data from previous studies related to arterial stiffening, the used covariates can be hypothesized to associate with arterial distensibility, making the analyses pre-specified. Also, the number of analyses is limited than rather than explorative. Results were considered statistically significant at values of P<0.05. Analyses were performed with the SAS 9.4 (SAS Institute, Cary, NC).
Results
Determinants of Arterial Distensibility
In age-and sex-adjusted analyses, BMI, waist circumference, and systolic and diastolic BPs were inversely associated with cdist and adist between ages 11 and 19 years ( Figure 1 ). For example, 1-unit change in BMI (SD) was associated with −0.14 SD change in cdist and adist. The components of BMI, weight and height, were also inversely associated with cdist (weight: β −0.0031, SE 0.00079, P<0.0001; height: β −0.0043, SE 0.000573, P<0.0001) and adist (weight: β −0.0095, SE 0.0011, P<0.0001; height: β −0.0082, SE 0.00080, P<0.0001).
In addition, serum total cholesterol, LDL-C, apoB, and triglycerides were inversely associated with cdist. LDL-C, apoB, and triglycerides also tended to show an inverse association with adist ( Figure 1) . Serum high-density lipoprotein cholesterol showed a direct association with adist.
Serum glucose, insulin, and HOMA-IR, studied at the beginning of age 15 years, were inversely associated with cdist. Insulin and HOMA-IR showed also a tendency for an inverse association with adist.
Dietary sodium intake was inversely associated with adist. Other associations between the dietary variables or physical activity with arterial distensibility were not found. Family socioeconomic status was also not associated with cdist (ageand sex-adjusted mean [ 
Sex×Cardiometabolic Risk Marker Interactions in Arterial Distensibility
To assess whether the observed associations between the risk markers and arterial distensibility ( Figure 1) were similar between boys and girls, sex×risk marker interactions were studied. Significant sex interactions were found for BMI, waist circumference, systolic and diastolic BPs, and sodium intake (Table S2 ). When sex-stratified analyses were performed for these variables, we found that the associations between BMI, waist circumference, and the BPs with distensibility were significant in both sexes with boys typically having stronger associations. After sex stratification, the association between sodium and adist was found only for boys.
Independent Determinants of Arterial Distensibility
Risk markers that were associated with cdist or adist in ageand sex-adjusted analyses ( Figure 1 ) were further studied in multivariable models to detect independent associations. In the analyses, systolic BP was chosen to represent BP, BMI, body size, and HOMA-IR glucose homeostasis. The risk marker and distensibility associations in ages 11 and 13 years were studied in the second multivariable model, excluding HOMA-IR.
In the first main multivariable model, higher systolic BP, LDL-C, age, and male sex were independently associated with lower cdist and adist (Table 1 ). In addition, higher HOMA-IR and higher BMI were independently associated with lower cdist. When BMI was replaced with waist circumference and LDL-C with apoB or total cholesterol, and birth weight was added to the model, the results were essentially similar (data not shown). In an additional multivariable model using mean arterial pressure or diastolic BP instead of systolic BP, even more pronounced associations between cardiometabolic risk markers and cdist and adist were observed, for example, BMI reached statistical significance (Table S3A and S3B) .
Cardiometabolic risk marker relations were also studied with arterial strain in a multivariable model. In these analyses, systolic BP, LDL-C, and age were associated with carotid strain and LDL-C and age with aortic strain (Table S4 ).
In the second multivariable model including ages 11 and 13 years, higher systolic BP and age were independently associated with lower cdist and adist (Table 2 ). In addition, male sex was associated with lower cdist and higher BMI with lower adist.
Association of Lifetime BMI and BP With Low Arterial Distensibility
Participants with low cdist or adist had higher BMI and higher systolic BP, diastolic BP, and pulse pressure measured from early childhood ( Figure 2 ; Figure S1 ; group 1 versus group 2). Additional comparison of those with low distensibility to participants with high distensibility (group 3) showed even more pronounced differences in lifetime BMI, BP, and pulse pressure ( Figure 2 ; Figure S1 ; group 1 versus group 3).
Discussion
The present study shows for the first time the associations of cardiometabolic risk markers with both cdist and adist from childhood to early adulthood. These longitudinal data demonstrate that BP, BMI, LDL-C, and insulin resistance indicated by HOMA-IR are independently associated with arterial distensibility at early age. Moreover, we show that participants with low arterial distensibility have had higher BMI and higher systolic and diastolic BPs already from early childhood.
Our longitudinal results in predominantly normal weight children give further strength to previous cross-sectional findings on the association between adiposity and decreased arterial distensibility in children overweight or obese. 4, 19, 20 Our data are also in line with earlier studies in 13-to 15-year-old mostly normal weight children showing an independent association between BMI and brachial artery distensibility. 21, 22 Interestingly, childhood obesity is also shown to relate with carotid artery stiffening later in adulthood. 4, 23 These findings suggest that maintaining normal body weight in childhood may, in part, prevent from acceleration of arterial stiffening. Similar to our results, prior studies in children and adults have reported the inverse association of BP with arterial distensibility. However, this is the first study expanding from childhood to early adulthood and including data on both key arteries, the aorta and carotid artery. 4, 21, 24 Moreover, we show that participants with low arterial distensibility have had higher systolic BP measured already beginning of infancy. In recent cross-sectional studies among children and adolescents, higher systolic BP was reported to associate with increased arterial stiffness, measured either as aortic pulse wave velocity or carotid distensibility. 25, 26 Previous studies have also shown that higher BP levels in childhood associate with stiffer arteries later in adulthood. 4, 23, 27 These observations suggest that already at early age increased BP associates with decreased The models include risk markers showing significant association with carotid or aortic distensibility in age-and sexadjusted models (Figure 1 ). Systolic blood pressure represents blood pressure and HOMA-IR glucose homeostasis. BMI indicates body mass index; BP, blood pressure; HDL-C, high-density lipoprotein cholesterol; HOMA-IR, homeostasis model assessment of insulin resistance; LDL-C, low-density lipoprotein cholesterol; and TG, triglycerides.
*Regression coefficients (SE) for a 1-unit change in the covariates. The regression coefficients can be transformed by using the equation x=e β and then interpreted as percentage change in nonlog-transformed distensibility. †Compared with 19 years of age. The models include risk markers showing significant association with carotid or aortic distensibility in age-and sex-adjusted models (Figure 1) . Homeostasis model assessment of insulin resistance is not included because ages 11 and 13 years lack measurement of serum insulin and glucose. Systolic blood pressure represents blood pressure. BMI indicates body mass index; BP, blood pressure; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; and TG, triglycerides.
*Regression coefficients (SE) for a 1-unit change in the covariates. The regression coefficients can be transformed by using the equation x=e β and then interpreted as percentage change in nonlog-transformed distensibility. †Compared with 13 years of age. Body mass index (BMI) and systolic and diastolic blood pressures (BPs) measured from early childhood in the participants with low (group 1) or normal (group 2) carotid or aortic distensibility. Low arterial distensibility was defined as the lowest 20th percentile of the age-and sex-standardized mean values (group 1, solid black line). Rest of the participants with distensibility >20th percentile were determined as having normal distensibility (group 2, dashed black line). Of the participants with normal distensibility, those with high distensibility were further categorized using 80th percentile as the cut-off point (group 3, dashed gray line). In the analyses, comparisons are made to the low distensibility group 1.
arterial distensibility and may induce adverse vascular effects. The longitudinal community-based Framingham Offspring Study in an older age cohort (mean age 60 years) demonstrated that higher aortic stiffness associated with higher risk of incident hypertension, indicating that arterial stiffness may precede and contribute to the development of higher BP. 28 In light of these previous studies, it is possible that the association between BP and arterial stiffness may be bidirectional, and the possible causal direction between BP and arterial stiffness could change with increasing age.
In this study, higher LDL-C concentrations associated with lower arterial distensibility independent of adiposity or BP between ages 15 and 19 years. At earlier ages, the association was not yet evident. Similar to our findings, higher LDL-C has been shown to associate with stiffer arteries in adults and in children. 4, 21, 22 Collectively, the data lend support that means to maintain normal LDL-C concentration since childhood may benefit arterial distensibility.
We found that insulin resistance assessed with HOMA-IR associated with lower cdist whereas no association with adist was found. In line, previous reports in adults have shown that insulin resistant subjects have decreased arterial distensibility. 4, 13, 29 In the Hoorn study, both impaired glucose metabolism and type 2 diabetes mellitus were associated with decreased arterial distensibility. 30 In adults, obesityassociated hyperinsulinemia has also been suggested to relate with decreased arterial distensibility. 13 Similar to our findings, HOMA-IR was found to be an independent determinant of arterial stiffness measured with brachial-ankle pulse wave velocity in a cross-sectional sample of Japanese adolescents. 31 Also, in adolescents aged 13 to 15 years, HOMA-IR showed an inverse association with brachial distensibility while at earlier ages, the association was not observed. 21 In the Cardiovascular Risk in Young Finns Study, higher childhood insulin concentrations predicted lower cdist in adulthood. 4 This association, however, disappeared when adjustment was made for the other risk factors associated with distensibility. 4 Our study thus further strengthens the observations between insulin resistance and arterial distensibility in youth, suggesting that insulin resistance may play a role in arterial stiffening already early in life.
Arterial distensibility results from extracellular matrix protein (elastin and collagen) ratios in arterial wall. 32, 33 Extracellular matrix stiffening (arteriosclerosis) may activate several mechanisms involved also in atherogenesis. 34 For example, elevated BP accelerates atherosclerosis, collagen synthesis, and arterial smooth muscle hyperplasia and hypertrophy, which contribute to decreasing arterial distensibility. 35 In animal models, the rate of aortic cholesterol accumulation correlated with aortic collagen synthesis activity, an observation suggesting that increased collagen synthesis may be associated with increased accumulation or retention of cholesterol in the arterial wall. 34 Moreover, extracellular matrix stiffening has been shown to promote disruption of endothelial barrier integrity, thus increasing endothelial permeability and cholesterol uptake in the vessel wall, which is a critical step in atherosclerotic plaque formation. 36 During childhood, the aorta dilates with somatic growth. A larger diameter reduces impedance to pulsatile flow and helps maintain pulse pressure in a physiological range but also amplifies mean and pulsatile tension on the aortic wall. Increased wall tension can lead to increased wall stiffness through elastin fragmentation and deposition of stiffer matrix components. 37, 38 Insulin resistance and chronic hyperinsulinemia increase the local activity of renin-angiotensin-aldosterone system and expression of angiotensin II receptors in vascular tissue, thus leading to arterial wall hypertrophy and fibrosis. 39, 40 Impaired glucose tolerance also enhances nonenzymatic glycation and crosslinking of collagen, leading to stiffening of arteries. 41 These mechanisms may in part underlie the here observed associations between the cardiometabolic risk markers and arterial distensibility.
A limitation of this study is that the pulse pressure used to derive distensibility was measured from the brachial artery, not from the artery in question (carotid artery, aorta). The use of brachial pressures may overestimate pulse pressure in central arteries, thus guidelines recommend use of local pressures in determination of arterial distensibility. 33 To compensate lack of central BP measurement, we previously determined cdist and adist using also estimated central pulse pressures. 7 When these distensibility measures were used, the results on the association of age and sex with distensibility remained similar to those when brachial BP was used, suggesting that the use of brachial data is applicable. 7 Furthermore, previous studies have shown an excellent correlation between invasively measured BPs from ascending aorta and noninvasively measured BPs from brachial artery, supporting the use of brachial artery pulse pressure to derive cdist and adist. 42, 43 We and others have reported that the correlations between repeated distensibility measures are relatively weak. 7, 44 This may be linked to physiological fluctuation in the constitutive factors, especially BP, instead of measurement error. Major strengths of the study are the large number of participants with longitudinally measured arterial distensibility in both carotid artery and aorta and the long follow-up period of the risk factors beginning early in life.
Perspectives
This study shows that several cardiometabolic risk factors associate independently with arterial distensibility already at young age. Our results give evidence for the primordial prevention efforts aiming to reduce cardiometabolic risk factor exposure early in life to decrease the risk of deleterious vascular effects. 
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